developed a computer model of cardiac excitation-contraction coupling (Kyoto model) that includes the major processes of ATP production, such as oxidative phosphorylation that was originally developed for skeletal muscle by Korzeniewski and Zoladz [Biophys Chem 92: 17-34, 2001], creatine kinase, and adenylate kinase. In this review, we briefly summarize cardiac energy metabolism and discuss the regulation of mitochondrial ATP synthesis, using the Kyoto model. Energy balance is a key issue in cellular homeostasis, how it is achieved and what the consumers and producers of energy are. The problem of energy balance has been studied by the development of computer models of relatively simple cell types, such as the red blood cells and Escherichia coli (see review by Bassingthwaighte [1]). The next step in these studies is an in silico analysis of the energy homeodynamics of cardiac muscle, in which the major consumers of energy, such as muscle contraction and ion pumping, have been well studied. The basic principles required for modeling energy balance are summarized by Bassingthwaighte [1] and Jafri et al. [2] . Heart muscle receives energy from substrates and oxygen and delivers energy mainly for pumping blood around the systemic and pulmonary systems. The chemical energy that supports this cardiac work is derived from the hydrolysis of ATP. Therefore the heart is an energy transducer. An estimation based on myocardial oxygen consumption indicated that the human heart produces 35 kg of ATP in one day, which is more than 100 times its own weight and more than 10,000 times the amount of ATP it stores [3] . Thus the heart produces and uses ATP at an extremely high rate. Each step associated with ATP metabolism has been extensively studied. The relationship between ATP production and membrane excitation-contraction coupling, however, which is a main ATP-consuming process, is not yet fully understood because of complicated interactions and the lack of quantitative data in vivo. Computer simulation is a powerful tool with which to integrate experimental data and to solve the complicated interactions. But only a few computer models have been developed to deal with the cardiac excitation-contraction-energy metabolism coupling [4] . In this review we briefly summarize cardiac energy metabolism and describe our recent studies about cardiac ATP metabolism.
Energy balance is a key issue in cellular homeostasis, how it is achieved and what the consumers and producers of energy are. The problem of energy balance has been studied by the development of computer models of relatively simple cell types, such as the red blood cells and Escherichia coli (see review by Bassingthwaighte [1] ). The next step in these studies is an in silico analysis of the energy homeodynamics of cardiac muscle, in which the major consumers of energy, such as muscle contraction and ion pumping, have been well studied. The basic principles required for modeling energy balance are summarized by Bassingthwaighte [1] and Jafri et al. [2] .
Heart muscle receives energy from substrates and oxygen and delivers energy mainly for pumping blood around the systemic and pulmonary systems. The chemical energy that supports this cardiac work is derived from the hydrolysis of ATP. Therefore the heart is an energy transducer. An estimation based on myocardial oxygen consumption indicated that the human heart produces 35 kg of ATP in one day, which is more than 100 times its own weight and more than 10,000 times the amount of ATP it stores [3] . Thus the heart produces and uses ATP at an extremely high rate. Each step associated with ATP metabolism has been extensively studied. The relationship between ATP production and membrane excitation-contraction coupling, however, which is a main ATP-consuming process, is not yet fully understood because of complicated interactions and the lack of quantitative data in vivo. Computer simulation is a powerful tool with which to integrate experimental data and to solve the complicated interactions. But only a few computer models have been developed to deal with the cardiac excitation-contraction-energy metabolism coupling [4] . In this review we briefly summarize cardiac energy metabolism and describe our recent studies about cardiac ATP metabolism. Figure 1 is a simplified diagram of the metabolism and use of ATP in the cardiac myocyte. In the normal heart, the primary means for ATP production is the oxidative phosphorylation in the mitochondria (>98%), and only a small amount (<2%) of ATP comes from glycolysis [5] . In the healthy human heart in the postabsorptive state, about 60-90% of the ATP generation in the mitochondria comes from β-oxidation of fatty acids, and 10-40% comes from pyruvate [5] . In the citric acid cycle, acetyl-CoA is converted to NADH and FADH, which are substrates for ATP synthesis by oxidative phosphorylation. The overall reaction of mitochondrial ATP synthesis can be reduced as follows [6] :
Characteristics of Cardiac ATP Metabolism
The electron microscopic study revealed that the cardiomyocyte is richly endowed with mitochondria, with mitochondrial volume fractions ranging from 25-38% [7] . Furthermore, cardiac mitochondria contain a far greater number of cristae than mitochondria of other organs do, such as the liver, brain, or skeletal muscle [8] . Phosphocreatine works as an energy reservoir, and creatine kinase may play a crucial role in the cardiac excitation-contraction coupling [9] .
The energy of ATP hydrolysis is mainly used for contractile work by myosin ATPase (cross-bridge formation), for Ca 2+ pumping into the sarcoplasmic reticulum by Ca 2+ -ATPase (SERCA), and for Na + extrusion out of the myocyte by plasmalemmal Na + -K + ATPase. It was estimated that in the normal heart, approximately two-thirds of the ATP is used for contraction and the remainder for ion pumping [5, 6, 10] . Cardiac ATP synthesis is well controlled to meet the changes in ATP demand, such as variation in heart rate and pre-and after-load. Under pathological conditions such as hypoxia and ischemia the regulatory mechanisms are disrupted and ATP synthesis cannot meet the demand. However, the mechanisms underlying the regulation of ATP metabolism are not fully understood in detail.
Regulation of Mitochondria
The feedback control of mitochondria function was first proposed by Chance and Williams [11] . According to the feedback control model, mitochondrial ATP production is regulated by a simple feedback of the cytoplasmic ATP hydrolysis to mitochondria via cytoplasmic ADP and inorganic phosphate [11] . The model predicted that cytoplasmic concentrations of ADP and inorganic phosphate would be roughly proportional to the workload in the myocardium. Later, 31 P NMR studies in animal models and humans demonstrated that concentrations of ATP, as well as creatine phosphate, inorganic phosphate, and ADP, remain constant over a wide range of rates of oxygen consumption [12] [13] [14] . To explain the stability of metabolic intermediates, other hypotheses of regulatory mechanisms were proposed. One is the "parallel activation theory" [14, 15] . This theory relies on a signaling system that regulates both the production and the hydrolysis of ATP simultaneously. Ca 2+ in both cytoplasm and mitochondria are possible candidates for the signaling system because Ca 2+ has been shown to activate mitochondrial dehydrogenases, such as pyruvate, isocitrate, and 2-oxoglutarate dehydrogenases [16, 17] , and also F1F0-ATPase [18] .
An improved feedback theory (reaction-diffusion model of energy transfer) was proposed by Saks's group (For details, see Saks et al. [19] ). This theory relies on the functional coupling of proteins, compartmentalized energy transfer, and a nonequilibrium creatine kinase (CK) reaction. Saks et al. assumes that mitochondrial creatine kinase (miCK) is closely associated to the adenine nucleotide translocator (ANT), and that ATP is directly channeled by ANT from the matrix into a microcompartment between the two molecules. The ATP is quickly transferred to miCK to produce phosphocreatine and ADP. The ADP is released also into the microcompartment, where a large part of it is rapidly taken by ANT into the matrix in exchange for ATP. On the other hand, at the myofibrils, SR, and sarcolemma, MM-CK functions in the direction of PCr utilization for the local regeneration of ATP near the ATPases. Thus creatine kinase is not at the equilibrium state. In a mathematical model based on this theory, three compartments are assumed [20] : the myofibril with the myoplasm, the mitochondrial intermembrane space, and the mitochondrial inner membrane-matrix space. This mathematical model can well describe the regulation of mitochondrial respiration and the phenomenon of metabolic stability.
However, the stability of metabolic intermediates appears to depend on the experimental conditions. In the Langendorff-perfused heart, metabolites change significantly, depending on the workload [21, 22] . Furthermore, they were usually studied under steadystate conditions, but the short-term modification of the metabolite contents was not extensively studied.
We studied the relationship between NADH, which is a key substrate of oxidative phosphorylation, and excitation-contraction coupling in isolated cardiomyocytes [23] . NADH autofluorescence, which was exited by UV light, was measured by a photomultiplier. Using this method, we were able to measure the fluorescence intensity with a ms time resolution. In Fig. 2 , we current-clamped a guinea pig ventricular myocyte by using the amphotericin B perforated-patch method at room temperature, and it was electrically stimulated at 4 Hz at the period denoted by a bar. Upon stimulation, the NADH fluorescence initially decreased and subsequently increased. When the stimulation stopped, the fluorescence intensity transiently increased, then returned to the prestimulation level. This finding is consistent with previous studies in rat trabeculae reported by Brandes and Bers [24, 25] and clearly demonstrates that the production and consumption of NADH dynamically changes in response to the change in cell shortening.
A Simple Model of Excitation-Contraction-ATP Metabolism Coupling
Computer simulation is a powerful means to elucidate the regulatory mechanism in the cardiac energy metabolism.
We developed a simple model of ATP metabolism in the cardiac myocyte [26] . In this model, a mathematical representation of the cell elements that are responsible for membrane excitation, the intracellular ion concentration changes, and contraction (such as the plasmalemmal ion channels and transporters and the sarcoplasmic reticulum) are essentially the same as our previous cardiac cell model (Kyoto model) [27, 28] . The description of cardiac myocyte shortening is based on a 4-state model [29] . We simulated ATP production of the cell by incorporating oxidative phosphorylation, creatine kinase, and adenylate kinase. The model of oxidative phosphorylation, which was originally for skeletal muscle [30] , was modified to meet the ATP demand of the Kyoto model. ATP consumption by plasmalemmal Na + -K + ATPase and sarcoplasmic reticulum Ca 2+ -ATPase was calculated by the use of their stoichiometry, and ATP consumption by myosin ATPase (cross-bridge formation) was calculated by the use of our unpublished experimental data. We also modeled two ATP-sensi- tive ion channels: the L-type Ca 2+ channel and the ATP-sensitive K + channel. At the steady state during stimulation of the model cell at 2.5 Hz, the concentrations of major metabolites ranged within the observed experimental measurements, suggesting that our estimations of ATP production and consumption during myocyte shortening are valid [26] .
Responses of the model cell to anoxia were simulated as shown in Fig. 4 . In this situation, the onset of anoxia was simulated by reducing the supply of oxygen abruptly to zero. This resulted in a decrease in cytoplasmic phosphocreatine and increases in cytoplasmic creatine and inorganic phosphate. However, cytoplasmic ATP concentration did not change significantly at the early state of anoxia. This pattern is consistent with an NMR study of whole rat hearts [31] in Fig. 4B . Cytoplasmic ATP concentration started to fall only after phosphocreatine had decreased to a min- [26] . B: NMR study of a whole rat heart modified from Kay et al. [31] .
imum. This simulation clearly shows that phosphocreatine works as an ATP buffer. The contraction was first attenuated by an increase of inorganic phosphate and then by a decrease of ATP. The further decrease in ATP induced a strong shortening of the model cell, which is consistent with an experimental observation of ATP-free-induced rigor. Our simulation result is similar to the previous study by Ch'en et al. [3] . Their model includes lactate uptake, glycogenolysis, and pH regulation. However, ATP production is expressed in simpler algebra. With regard to the regulation of mitochondria, our model is close to the simple feedback theory by Chance and Williams [11] . Cytoplasmic ATP and inorganic phosphate are the major regulators of mitochondrial oxidative phosphorylation. The upper panel of Fig. 5A shows the simulated response of mitochondrial NADH before and after 4 Hz electrical stimulation (dotted curve). Mitochondrial NADH decreased and reached steady state during the repetitive stimulation. The decrease in NADH is due to the increase in NADH consumption by oxidative phosphorylation, which is activated by ADP and inorganic phosphate (feedback control). However, this simulation is not consistent with the experimental findings in Fig. 2 .
To study whether this discrepancy can be explained by the activation of NADH production by Ca 2+ , the rate of NADH production (v DH , mM/ms) was modified to be the function of mitochondrial Ca
where NAD mit , NADH mit , and Ca mit are mitochondrial NAD, NADH, and Ca 2+ concentrations, respectively (mM).
We simulated mitochondrial Ca 2+ concentration in Fig. 5B by incorporating models of mitochondrial Ca 2+ uniporter and Na + /Ca 2+ exchanger of the pancreatic β cell [32] . When Ca 2+ -activation of NADH production is included, the increase in mitochondrial Ca 2+ during 4 Hz stimulation facilitates a transformation of NADH from NAD. When the stimulation is stopped, ATP usage suddenly decreases. But because NADH production is still activated by mitochondrial Ca 2+ , a transient increase in NADH is observed. This pattern is quite similar to the one observed experimentally.
Although several factors, such as the affinity of NADH production to Ca 2+ and mitochondrial Ca 2+ concentration, must be further evaluated, this simulation supports the idea that mitochondria meet the ATP demand augmented by the increased heart rate via the Ca 2+ -dependent activation of NADH production.
Computer simulation is a powerful tool with which to integrate experimental data, but it has limitations, just as the experimentation does. In our model, several processes important to energy metabolism, such as glucose and lactate uptake, glycolysis, and glycogenolysis, are not yet incorporated. However, their modification by Ca 2+ would be slight. The transformation of NADH from NAD is expressed by a simple equation in this model. We are currently developing a more detailed model of mitochondrial NADH production by incorporating the citric acid cycle and pyruvate dehydrogenase. We have not yet studied the reaction-diffusion model of energy transfer in the Kyoto model, which this model will certainly be worth incorporating into for studies on how the reaction-diffusion model and Ca 2+ activation of mitochondrial dehydrogenases contribute to the regulation of the cardiac excitation-contraction-energy metabolism coupling. 
